Sum frequency generation ͑SFG͒ vibrational spectroscopy is used to study the adsorption of CO at ϳ1 atm pressure on Pt nanoparticle arrays and Pt thin films. The SFG signal of CO adsorbed on platinum particles of 45 nm diameter is ϳ10 000 times larger than from CO on smooth Pt films. The large enhancement is explained by plasmon resonance and Maxwell-Garnett theory. The Pt arrays are prepared using electron beam lithography to produce particles with uniform spacing and sizes on an oxidized Si͑100͒ wafer. Further, as the Pt coverage increases the SFG signal shows a polarization dependence that is explained considering the dielectric properties of a metal film on a dielectric surface. In addition, SFG permits investigation of the CO adsorbed on the particles at ϳ1 atm, which is not possible with most surface analytical techniques, that will allow for the study of the reaction of small molecules on surfaces relevant in heterogeneous catalysis.
INTRODUCTION
Many of the molecular details of catalytic reactions have been determined by using vibrational spectroscopy to probe transition metal single crystal model surfaces.
1 Yet, industrial catalysis is mostly carried out on metal nanoparticles deposited on high surface area oxides ͑SiO 2 , TiO 2 , Al 2 O 3 , etc.͒ In order to understand the behavior of these real catalysts on a molecular level, electron beam lithography is used to fabricate a model system that permits systematic variation of the size, composition, and interparticle spacing of transition metal nanoparticles. A microscopic understanding of the reaction mechanisms in heterogeneous catalysis is a major goal in surface chemistry.
In this article sum frequency generation ͑SFG͒ vibrational spectroscopy is used to study the adsorption of CO on Pt nanoparticle arrays. The SFG signal of CO adsorbed to the Pt particles exhibits an enhancement of 10 000ϫ compared to CO adsorbed on a smooth Pt film. Although the SFG signal originates from CO on the metal particles, the polarization dependence of the SFG signal indicates the optical properties are dominated by the oxidized Si͑100͒ substrate. Despite the low surface area ͑Ͻ5% of a monolayer͒ of these nanoparticle arrays, surface spectroscopy can be performed due to the large electromagnetic enhancements at the surface of small metal particles.
BACKGROUND
The SFG experimental procedure has been described previously.
2 Sum frequency generation is achieved by spatially and temporally overlapping a 532 nm and infrared beam at the sample surface. As the infrared frequency is scanned, and corresponds to a vibrational resonance of an adsorbed molecule, there is an increase in the sum frequency intensity. A plot of the infrared frequency vs. SFG intensity is interpreted as a vibrational spectrum of the surface molecules. Sum frequency generation is a second order, (2) , process and in the electric dipole approximation, occurs only in environments without inversion symmetry, such as an interface between two isotropic media.
The SFG intensity (I SF ) is proportional to the square of the nonlinear susceptibility ( IJK (2) ) in surface reference frame IJK and the electric fields at the surface, E. The surface susceptibility (2) is composed of a resonant and nonresonant part
The A q term contains the Raman and infrared line strengths for the qth vibrational mode at frequency q with a damping constant of ⌫, IR is the frequency of the infrared beam. Equation ͑2͒ is used to curve fit the spectra and extract information on the mode strength and peak position.
EXPERIMENT
The generation of the picosecond midinfrared light pulses is accomplished in two stages by optical parametric generation/amplification of 532 nm light in ␤-barium borate crystals followed by difference frequency mixing of the near infrared idler beam with 1064 nm light in a AgGaS 2 crystal. The 532 nm and infrared beam diameters are ϳ2 mm and ϳ1 mm with energy densities of 6 mJ/cm 2 and 3 mJ/cm 2 , respectively. This energy density is below the damage threshold of the nanoparticle arrays as shown by the scanning electron micrograph in Fig. 1 . The 532 nm and infrared beams define the x -z plane and are at an angle of incidence of 50°and 60°, respectively. The samples are aligned with the rows parallel to the plane of incidence of the laser beams, although sample rotation has no effect on the SFG signal.
To ensure data are easily comparable, all spectra are referenced to the SFG intensity of the oxidized silicon surface with ssp polarization. The spectra shown in Fig. 2 are the average of three spectra each with 50 shots/point divided by the infrared and 532 nm beam intensity at each point. Error bars represent one standard deviation.
The nanoparticle arrays are fabricated using electron beam lithography ͑EBL͒. The first step in the EBL fabrication process is to spin-coat polymethyl methacrylate ͑PMMA͒ (MWϭ950 000) onto a Si͑100͒ wafer with 5 nm thick SiO 2 on the surface. Computer-designed patterns are then ''written'' into the polymer layer with a highly collimated electron beam ͑Leica column͒ generated by a field emission source. With a beam current of 600 pA and accelerating voltage of 100 kV, the beam diameter is approximately 8 nm. A dose of 2500 mC/cm 2 (4ϫ10 Ϫ16 C/site) was used to expose the PMMA, resulting in a dwell time of about 0.6 ms at each particle site. Following dissolution of the exposed polymer, a 15 nm thick film of Pt is then deposited on the sample by electron beam evaporation. Finally, the remaining resist is removed ͑''lifted off''͒ by dissolution with organic solvent and the metal particles of the prescribed pattern remained on the substrate. With this high degree of spatial resolution, 36 mm 2 arrays with approximately 10 9 metal particles were produced. Samples are cleaned by dipping into freshly prepared 50/50 V/V of concentrated HNO 3 /H 2 SO 4 solution for 3-4 min, rinsed with triple distilled water, and dried in a stream of nitrogen gas. The particles are then immediately placed into a Teflon ® cell with ϳ1 atm CO ͑Scott Specialty gas͒. CO is purified by flowing through a molecular sieve column before entering the SFG cell. The same procedure is used for both the platinum particles and metal films. The samples are placed in the same cell at the same time for a direct comparison between nanoparticles and the metal film.
RESULTS
Sum frequency generation spectra of CO on Pt films and nanoparticles are taken with various polarization combinations of incoming and outgoing beams, s or p polarized. The SFG spectra of three samples are shown in Fig. 2 . Figure  2͑a͒ are the SFG spectra of CO on 45 nm platinum nanoparticles spaced 150 nm apart. The CO peak is at 2085 cm Ϫ1 , shifted by Ϫ15 cm Ϫ1 from clean polycrystalline platinum; this peak is assigned to CO coordinated to one platinum atom and the wavelength shift is likely due to coadsorbed water from the cleaning procedure. 4 The intensity ratio for the 45 nm particles is 26:2:1 for ssp ͑s-sum frequency, s-visible, p-infrared͒, ppp, and sps polarization combinations, respectively. Figure 2͑b͒ are SFG spectra for nanoparticles with 200 nm diameters and spaced 100 nm apart. One peak is seen at 2085 cm Ϫ1 . The intensity ratio between the ssp, ppp, and sps spectra is ϳ5:35:1. Figure 2͑c͒ are the spectra of CO on the platinum film with ssp, ppp, and sps polarization combinations. The peak at ϳ2085 cm Ϫ1 is due to CO coordinated to one platinum atom, top site CO. 5 The intensity of the ppp spectrum of the metal film is ϳ5 times more intense than ssp with very little resonant signal for sps polarization 1:4:Ͻ0.5 for ssp, ppp, and sps, respectively. All other polarization combinations have no resonant features in the SFG spectrum. There are also no peaks between 1800-2150 cm Ϫ1 in the SFG spectrum of the silicon surface under 1 atm. CO indicating CO does not orient on the oxidized silicon surface. A summary of the data is presented in Table I . To compare the signal, in ssp polarization, from the particles sample to the Pt film the results of the signal from the particles divided by the signal of the smooth film accounting for the surface coverage of CO and laser beam intensities,
2 ), are shown in Fig. 3 . Sum frequency generation intensity ratio above 1 indicates enhancement compared to the smooth platinum surface. The surface coverage of CO, CO , is assumed proportional to the coverage of Pt on the oxidized silicon substrate in each sample. These parameters are shown in Table I . The maximum enhancement for these particles is ϳ10 000 for particles of ϳ45 nm diameter with ssp polarization.
DISCUSSION
For several years researchers have noted the enhancement of optical fields at small silver particles or rough silver surfaces. These effects are observed in Raman, [6] [7] [8] [9] hyper-Raman, 10 two-photon absorption, 11 second harmonic generation ͑SHG͒, 6, 12 and four-wave mixing, 13 Most experiments have been devoted to understanding the phenomenon of surface enhanced Raman scattering ͑SERS͒. These reports focus on arguments that an electromagnetic mechanism is more important than a chemical mechanism for the increased signal. The electromagnetic enhancement mechanism states, briefly, that when electromagnetic waves interact with a metal particle that is smaller than the wavelength of incident light, surface plasmon are excited which results in increased electromagnetic field intensities at the surface. The increased surface intensity thus leads to larger surface signals in, for example, Raman spectroscopy. According to the chemical enhancement mechanism, increase in signal intensity is due primarily to the adsorbed molecule forming a type of surface complex with the metal. This new surface complex then contains new electronic energy levels with which electromagnetic waves may be resonant. 14, 15 Many researchers now believe both effects contribute to the observed enhancement, and which is dominant probably depends on the system under investigation. 6, 8, 16, 17 For the SFG experiment considered here, the electromagnetic enhancement mechanism is favored, since an electromagnetic model accounts for the observed intensity of the SFG signal.
To explain the SFG intensities on the nanoparticles, the particle size, shape, material, particle spacing, and substrate must be considered. The size, shape, and material effects are based on the idea that surface plasmons are excited on small metal particles, which enhance the local fields of the laser beam. The particle spacing affects the coupling between particles as well as any diffraction effects of the array. Finally, the dielectric properties of the substrate influence the macroscopic fields at the surface that is determined by the metal coverage and this is accounted for with a modified MaxwellGarnett equation.
The enhancement at small metal particles is governed by particle size and shape and based on the Mie resonance criteria. 12, 18, 19 The shape of the particle dramatically affects the Mie resonance condition. As the particle becomes more ellipsoidal, the Mie resonance shifts to lower energies closer to the visible region of the spectrum. Therefore based on shape the more needle-like particles have a larger enhancement. This is also known as the lightning rod effect. Further enhancement is due to small particle size. Qualitatively, this is due to a polarization of the conduction electrons that contributes to the electric field at the surface.
To account for the local electromagnetic field intensities at the surface, E loc , a local field correction factor, f is used:
where E 0 is the incident field. The correction factor is composed of two terms,
where E f is the Fresnel factor calculated for a three layer system of Si/nanoparticle/air. 20, 21 This is the substrate effect on the local fields and is discussed below. 21 The local field enhancement due to plasmon resonance, E PR , is determined by
A eff is the depolarization factor that depends on the particle shape and is 0.5 for cylindrical particles. 19, 22 The term (4 2 V/3 3 ) of Eq. ͑3͒ is due to the radiation damping of the particle resonance where V is the particle volume and is the wavelength of light. This term accounts for decrease in the enhancement, as the particles become large. 23 Local field enhancement also decreases for very small particles, Ͻ25 nm, due to surface scattering effects, where the mean free path of the conduction electrons is less than the particle dimensions and is accounted for with the size dependant dielectric constant of Pt, ⑀. 24, 25 The size dependant ⑀ is only significantly different from the bulk dielectric constant for particles Ͻ25 nm. 25 A plot of E PR 2total vs. particle diameter is shown in Fig. 4͑a͒ . The contribution to the enhancement from to the sum frequency and visible light fields is ϳ2 times greater than that from the infrared field, respectively, since the SF and visible fields are closer to the plasmon resonance frequency. The total field enhancement of the particles due to plasmon resonance is E PR 2total
To determine the local fields due to depositing metal particles on a dielectric substrate Fresnel's equations for a three-layer system are used. To calculate the dielectric constant of the interfacial region, Maxwell-Garnett theory is used. For the nanoparticles deposited on oxidized Si the surface fields are determined by both the dielectric properties of the SiO 2 and the metal in a nonlinear way. This will affect the absolute SFG signal as well as the relative intensities of the different polarization combinations. The polarization spectra in Fig. 2 show that the highest intensity is for the ssp polarization for particles and ppp polarization for the metal film. This result may at first seem surprising since the CO signal originates locally only from the metal surface in both cases and therefore the polarization spectra should look the same. This result is explained using Maxwell-Garnett theory for metal particles on a dielectric surface. [26] [27] [28] A plot of the real and imaginary portion of the effective refractive index, n e , for the surface is shown in Fig. 5 . These plots are generated from the following equations:
The q in this equation is the packing density of the particles on the surfaces where q is between 0 and 1 for no metal and a full monolayer, respectively, n is the bulk refractive index of the metal. Most of the nanoparticle samples used here have a packing density Ͻ0.25. This indicates the surface is effectively an insulator since the metallic properties become noticeable for packing density qϾϳ0.5 ͓Fig. 2͑b͔͒. For the 200 nm particles qϳ0.6, k, the imaginary portion of the dielectric constant, becomes larger and the surface is more metallic which causes the CO signal in the ppp spectrum to be more intense than in ssp. Using the dielectric values determined from Eq. ͑4͒ in Fresnel's equation for a three layer system leads to the larger surface fields for the SFG signal in ssp over ppp polarization for low coverage nanoparticle samples. For example the enhancement of the light fields due to the substrate for the particles compared to the metal film for ssp polarization is
for the 45 nm diameter particle sample. The calculated SFG intensity enhancement here is about 10 4 for particles Ϸ50 nm diameter. About 30% of this enhancement is due to the substrate effect and 70% is due to plasmon resonance in small metal particles. Table II shows the substrate effect and plasmon resonance on the SFG signal from particles compared to the smooth metal film for ssp polarization. This calculation provides an order-ofmagnitude explanation of the surface enhancement. A more quantitative estimate can be achieved using the discrete dipole approximation of Schatz and Van Duyne. The CO signal is an average over the entire particle since the wavelength is much longer than the particle dimensions. The results of Eq. ͑3͒ predict enhancement over the entire particle since it is the electrons in the metal that are polarized. The signal is averaged over the entire particle and thus signal from the side or top of the particle cannot be separated. The maximum enhancement occurs at sharp points on the particle where the fields have the highest intensity; this is the lightning rod effect. 7, 30 Therefore, the polarization spectra are not probing different orientations of CO but the polarization dependence is only determined by the effective dielectric constant of the surface as discussed above. Orientation information is lost on nanoparticles, i.e., the polarization information no longer relates to the orientation of the CO on the nanoparticle, whereas on the smooth Pt film the CO molecular coordinates can be related to the experimental geometry. 31 Instead the difference in the polarization spectra is due to the changing dielectric properties of the surface as the metal coverage increases. This is clear in Fig. 5 where the imaginary portion of the dielectric, k, increases, as the substrate becomes more metallic at higher packing ratio of Pt clusters. Similarly, the intensity ratio in the ssp/ppp spectra also decrease since s-polarized fields are decreased relative to the incident beam while p-polarized fields are increased for a metal surface. 20, 32 Since the particles are in a regular two-dimensional array, dispersion effects might be expected. There is no diffraction for particle spacing less 310 nm. Therefore, this experiment is not effected by the periodic array, i.e., grating effect. This experiment is in the zeroth-order diffraction ͑Fig. 6͒.
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CONCLUSION
Sum frequency generation provides a method for studying model nanoparticle catalysts. Without surface enhancement, the vibrational spectra of adsorbates would be unattainable on such systems. Since the surface coverage of these particles is already Ͻ5% of a monolayer this approaches the detection limits for typical vibrational spectroscopies such as infrared absorption and high resolution electron loss spectroscopy.
1 The local coverage of CO on the platinum particles is near saturation, ϳ0.5 monolayer. Further, these spectra are obtained at pressure ϳ1 atm of CO that is only possible with a surface sensitive technique such as SFG.
Most reports of surface enhanced effects are reported on silver, copper, or gold surfaces. 16 The enhancement observed here on platinum is not typical. The reason why this modest enhancement is seen here and not previously in SERS experiments is probably due to the coherent nature of the SFG signal which allows for more efficient collection of the signal compared to the scattering of Raman signal. Also since the particles have very low size dispersion all the particles will contribute to the signal since they are all in the Mie resonance.
SFG signal is enhanced at small platinum particles due to the interaction of the light with the surface plasmons. The enhanced signal allows for the study of catalytic reactions on model nanoparticle surfaces under reaction conditions. FIG. 6 . Calculated diffracted SFG signal as function of particle spacing. All particle arrays have spacing below 200 nm, in the zeroth-order diffraction region, that is below 300 nm.
